Methylation at CpG sites is a critical epigenetic modification in mammals. Altered DNA methylation has been suggested to be a central mechanism in development, some disease processes and cellular senescence. Quantifying the extent and identity of epigenetic changes in the aging process is therefore potentially important for understanding longevity and age-related diseases. In the current study, we have examined DNA methylation at >27 000 CpG sites throughout the human genome, in frontal cortex, temporal cortex, pons and cerebellum from 387 human donors between the ages of 1 and 102 years. We identify CpG loci that show a highly significant, consistent correlation between DNA methylation and chronological age. The majority of these loci are within CpG islands and there is a positive correlation between age and DNA methylation level. Lastly, we show that the CpG sites where the DNA methylation level is significantly associated with age are physically close to genes involved in DNA binding and regulation of transcription. This suggests that specific age-related DNA methylation changes may have quite a broad impact on gene expression in the human brain.
INTRODUCTION
Genomic DNA methylation is an important, epigenetic modification in eukaryotes, essential for human life and playing a vital role in determining gene regulation. Alterations in DNA methylation are thought to be associated with diseases such as diabetes, schizophrenia, multiple sclerosis and cancer, as well as with processes such as cellular senescence (1 -4) .
Lately, there has been increasing interest in DNA methylation. This is not only because epigenetics is a plausible intermediary between the environment and the gene regulation but also due to the development of targeted arrays designed to comprehensively assay the epigenome (5) . The application of targeted arrays affords the ability to accurately assess DNA methylation at thousands of individual CpG dinucleotides in large sample series. Using these arrays, we now have the tools to determine the pattern of locus-specific DNA methylation changes correlating with factors such as chronological age.
Recently, we mapped the landscape of DNA methylation status across a large series of brain tissues from neurologically normal donors (6) . These data showed that DNA methylation was measurably different between distinct brain regions, and furthermore, that the DNA methylation levels at a substantive proportion of CpG sites are associated with genotype at proximal polymorphisms. Here, we extend our analyses of these data to test the effect of age on DNA methylation status in human brain. We find that there is a strong and significant correlation between CpG methylation and aging of the human brain. † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. 1164-1172 doi:10.1093/hmg/ddq561 Advance Access published on January 7, 2011
RESULTS
We performed a series of experiments to map associations in DNA methylation with age in human brain tissue. Using Human Methylation27 BeadChips (Illumina Inc., CA, USA), we assayed DNA methylation at 27 578 CpG dinucleotides in a series of human brain samples. This work was performed in two stages. The first stage included tissue from frontal cortex, temporal cortex, pons and cerebellum from each of 150 human brains, collected from donors ranging in age from 16 to 101 years (6) . The second stage included tissue from frontal cortex and cerebellum from 237 human brains, collected from donors ranging in age from 0.4 to 102 years (see Materials and Methods and Supplemental materials for details).
Association between CpG methylation levels and chronological age across brain regions Analysis of the association between chronological age and DNA methylation levels at individual CpG sites in the stage I sample set revealed a large number of strongly associated loci (Fig. 1) . After conservative correction for multiple testing, we identified 1141 associations between DNA methylation at CpG sites and age in stage I of the analysis. Of these, 589 loci were significant in one region only, 167 loci were significant in two regions, 86 loci were significant in three brain regions and DNA methylation levels at 10 CpG loci were significantly correlated with age in all four brain regions. Of all significant CpG sites detected, 932 were within our strict definition of CpG islands, 129 were not within islands and 80 were in regions that we could not unequivocally define as islands or non-islands.
Next, we examined the 10 CpG sites that showed significant genome-wide association with chronological age across all four brain regions. The 10 loci were located within CpG islands and the DNA methylation levels at these sites were positively correlated with chronological age across each of the four tissues (Fig. 2) . Analysis of independently ascertained stage II sample series confirmed that there are strong age associations at all of these loci (Table 1) . Notably, the direction and magnitude of effect was consistent in both sample series. At these CpG sites, age accounted for 32-75% of the total variance in DNA methylation levels. This analysis was based on adjusted r 2 values from the replication phase in order to avoid the possible impact of winner's curse on the discovery phase results and to achieve more accurate estimates.
Substantive enrichment of CpG methylation sites positively correlated with chronological age
Initial inspection of the 10 loci where the DNA methylation level was associated with the chronological age revealed that each of the associations represented a positive correlation. Further, the majority of all significantly associated loci in each tissue showed that this positive association was the trend. This is nicely illustrated in Figure 1 , where positive correlations between chronological age and DNA methylation appear to be in extreme excess (positively associated loci are indicated by upward pointing triangles). 95.4% of significant results passing the Bonferroni correction of 1.8E26 in stage I showed a positive association with age, whereas only 56.0% of non-significant results had positive regression coefficients, illustrating that this consistent direction of effect far exceeds chance (Z-statistic ¼ 26.7, P , 0.0001). This enrichment of positive associations was also seen in the replication data set with 78.6% of significant associations having a positive direction of effect and 55.1% of non-significant results having a positive direction of effect (Z-statistic ¼ 20.4, P , 0.0001).
Previous data suggest that the direction of association between age and methylation differ upon whether the CpG dinucleotide is located within or outside of a CpG island (7) . Analysis of the regression coefficients from our stage I data showed an excess of CpG sites where DNA methylation positively correlated with age within islands compared with those sites outside of CpG islands. Of the age-associated sites within CpG islands, the correlation between DNA methylation and chronological age was positive in more than 98% of sites. In contrast, a substantially lower proportion of associated sites outside of CpG islands showed a positive correlation between DNA methylation levels and age (76%; Z-statistic ¼ 12.1, P , 0.0001 in discovery phase and P , 0.0001 in replication phase; Fig. 3 ).
We were concerned about the possible confounding effect of unreliable designation into island/non-island status and therefore repeated this analysis using a more restrictive definition Figure 1 . Manhattan plot showing association between methylation at individual CpG sites and chronological age. Plotted are P-values indicating strength of association between DNA methylation levels at .27 000 CpG sites and age in cerebellum (purple), frontal cortex (green), pons (blue) and temporal cortex (red). For each point, a positive association between DNA methylation and chronological age is indicated by upward pointing triangles; a negative association is indicated by downward pointing triangles.
of sites inside and outside of islands. This more restrictive definition required a CpG site to meet the criteria for being located within an island in all three resources used for annotation: EPI score (8) , UCSC genome browser sequence-based annotation of CpG sites (9) and Illumina documentation. Restricting the definition did not change the excess of positive correlations within islands versus non-islands (Supplementary Material, Fig. S1 ). These data are supported by previous work performed in human blood (10) . Our analysis illustrates that those sites where DNA methylation was negatively correlated with age are 16 times more likely to be located outside of a CpG island versus within a CpG island.
Comparison of age-related CpG methylation changes across brain regions
We were interested in whether the associations found between DNA methylation at individual CpG sites and chronological age were consistent across brain regions. To test this idea, we compared association P-values across cerebellum, frontal cortex, pons and temporal cortex data sets at individual CpG sites where the DNA methylation level showed a significant association with chronological age in at least one of the four tissues. This analysis revealed that age-associated CpG sites are most similar in frontal cortex and temporal cortex and that these two tissues are in turn quite similar to pons (Fig. 4) . In contrast, the pattern of age-associated CpG sites observed in the cerebellum was by far the most distinct of the four regions tested.
The number and identity of samples in stage I was marginally different between the four tissue regions tested due to occasional sample or assay failure. To ensure consistency across data sets, we compared age-associated CpG sites across tissues on a subset of donors from stage I for whom data on each of the four tissues were available (n ¼ 84). These analyses revealed that uniqueness of associations in cerebellar tissue was not due to the sampling bias. The relative similarity between the frontal cortex and the temporal cortex tissues remained (Supplementary Material, Fig. S2 ).
Next, we expanded this analysis to include data derived from the additional frontal cortex and cerebellar samples typed in stage II (Fig. 5) . We also saw significant associations occurring in both the frontal and the cerebellar datasets (as well as in all four regions). As before, the most associated methylation sites display relatively concordant methylation levels in both tissues. These findings are consistent with previous reports from our group and others showing that the patterns of both DNA methylation and expression are quite different in cerebellum compared with other brain tissues (6, 11) .
Gene ontology/functional annotation analysis
Functional relationships were investigated using the Database for Annotation, Visualization and Integrated Discovery Figure 2 . Covariate-adjusted methylation levels in cerebellum (purple), frontal cortex (green), pons (blue) and temporal cortex (red) for 10 CpG sites where methylation levels increase significantly with age in all four brain regions (based on a Bonferroni threshold for significance of P ¼ 1.8 × 10 26 ). Notably for all 10 loci that met our conservative threshold for significance, methylation levels were positively associated with age.
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Human Molecular Genetics, 2011, Vol. 20, No. 6 (DAVID; http://david.abcc.ncifcrf.gov/) by investigating age-related CpG sites for enrichment of gene ontology (GO) terms. Six hundred eighty-three unique EntrezGene identifiers were cross-referenced in the DAVID database, using Illumina gene annotation for significantly associated CpG sites from our initial stage I analysis. These 683 were considered our experimental pool in the clustering analysis.
A total of 228 clusters were generated. Six clusters with the highest degrees of enrichment are shown in Figure 6 and described in Table 2 . These clusters illustrate a strong enrichment for genes related to DNA binding, morphogenesis and regulation of transcription.
DISCUSSION
A large number of individual CpG sites were shown to be strongly associated with chronological age and DNA methylation levels. A potential confound of note is the dynamic cellular composition of human brain, particularly that the proportion of neurons to glia may change with chronological aging. Because we have identified consistent results across multiple brain regions, this is not likely to be a confound among the 10 CpG sites that showed significant genome-wide association with chronological age across all four brain regions. Of the 10 loci identified, one locus within the MYOD1 gene has previously been reported to be associated with age-related methylation changes in the brain and the pleura (7). In addition, 3 of the 10 loci identified were also shown to be associated with age in human blood (10) . Collectively, these data support the notion that the age-associated CpG sites identified in our data are not an artifact of age-associated alterations in cellularity, but rather reflect an underlying biological change in DNA methylation status.
The consistent findings from our group and others showing that the patterns of both DNA methylation and gene expression are quite different in cerebellum compared with other brain tissues (6,11) may be attributed to the unique nuclei of cerebellar purkinje neurons, which are large, euchromatic structures that exhibit a greater proportion of 5-hydroxymethylcystosine modifications compared with other neuronal populations (12) . Although these factors alone may not account for the substantive divergence observed in our current analyses, they do illustrate that the genetic component of this tissue exhibits tangible differences from that within other brain regions. Thus, it is not surprising that age-related DNA methylation sites would be most divergent in cerebellar tissue compared with the other brain regions tested here.
The classes of genes identified at age-associated sites included DNA-binding factors and transcription factors, illustrating a strong enrichment for genes related to DNA binding, morphogenesis and regulation of transcription. Given the functional nature of these clusters, it is conceivable that altered epigenetic regulation at these loci may give rise to quite broad changes in transcriptional potential during the aging process. The clustering of age-associated CpG methylation sites that are proximal to genes associated with DNA binding could have several biological implications. Given that the genes in the DAVID clusters (Table 2) are not associated with DNA damage argues against these associations being a response to pathological events such as reactive oxygen species-mediated damage of nucleic acids. Rather, these genes are responsible for transcription with the homeobox proteins being especially prominent. This suggests that age-related alterations in methylation might be important for the maintenance of transcriptional programs in aging tissues. In this context, it is of interest that there are relatively few mRNA changes that show linear association with aging, although there is a tendency for gene expression to show higher variance as organisms age (13) . An interesting possibility therefore, is that the accumulation of DNA methylation may be important in maintenance of consistent gene expression patterns with age.
Summary
Here, we describe CpG sites that exhibit strong age-associated changes in DNA methylation. We see a large number of statistically significant age-associated changes in DNA methylation, despite a conservative correction for multiple testing. Many of these CpG sites were significant in multiple tissues and occur at higher frequencies than one would expect by chance. We saw a highly significant enrichment of age-associated methylation changes at CpG islands of functionally related transcripts. Finally, the majority of such associations were positive, showing that methylation tends to increase with age.
We observed an excess of shared age-associated CpG sites across more than one of the four selected brain tissues, suggesting that altered cellular composition was not the underlying cause of changing the DNA methylation profile, but rather that there was a common regulatory mechanism across the brain regions. The classes of genes identified at the age-associated sites included DNA-binding factors and 
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Human Molecular Genetics, 2011, Vol. 20, No. 6 transcription factors; therefore, one might surmise that the age-associated changes in methylation are likely to be associated with the maintenance of transcriptional programs.
In conclusion, we present a comprehensive analysis of DNA methylation across the four distinct human brain tissues. Our data suggest that there are specific loci where the DNA methylation level changes with the chronological age in the human brain and underscores the necessity to study DNA methylation in aging research in order to understand the underlying mechanism and its functional effects.
MATERIALS AND METHODS

Human brain tissue samples
For stage I analysis, fresh, frozen tissue samples of the frontal and temporal cortices, caudal pons and cerebellum regions were obtained from 150 neurologically normal Caucasian subjects, resulting in 600 tissue samples (6) . For stage II analysis, fresh, frozen tissue samples of the frontal cortex and cerebellum regions were obtained from an additional 237 neurologically normal Caucasian subjects, resulting in 474 tissue samples across all samples in both stages I and II. These numbers are prior to quality control. Genomic DNA was phenol -chloroform extracted from brain tissues and quantified on the Nanodrop1000 spectrophotomer prior to bisulfite conversion.
CpG methylation
Bisulfite conversion of 1 mg of genomic DNA was performed using Zymo EZ-96 DNA Methylation Kit as per the manufacturer's protocol. CpG methylation status of .27 000 sites was determined using Illumina Infinium HumanMethylation27 BeadChip, as per the manufacturer's protocol. Data were analyzed in BeadStudio software (Illumina Beadstudio v.3.0). The threshold call rate for inclusion of samples in analysis was 95%. Quality control of sample handling included comparison of genders reported by the brain banks with the gender of the same samples determined by analyzing methylation levels of CpG sites on the X chromosome. Beta values were extracted for sites on chromosome X and loaded into the TM 4 MeV tool. These data were then clustered by sample. Based on the methylation levels for chromosome X loci, these data split into two primary groups based on gender. Calls generated by this method were then compared with sample information reported by the brain bank. Samples where genders did not match between brain bank and methylation data were excluded from our analyses. Forty-seven tissue samples from subjects were excluded due to the low methylation call rate or gender discrepancies, and seven additional subjects were excluded due to the low call rate or gender discrepancies from genotyping data utilized for a separate project.
CpG methylation analysis
For all available samples, stratified by brain region, multivariate linear regression was performed to test the effect of age on CpG methylation at each CpG site in the publicly available data. Regression models were adjusted for the following covariates: hybridization and amplification batch, study center Figure 6 . A map of enriched functional clusters for genes proximal to age-associated CpG sites based on DAVID functional annotation clustering. This figure shows the inferred functional relatedness of clustered genes at a greater than 4-fold level of enrichment among significant results in phase I of this study, as described in Table 2 . Line thickness connecting nodes indicates relative P-value of the term within the cluster, with the thickest line representing the most significant term (P ¼ 1.6 × 10 219 ) and the thinnest lines representing the least significant term (P ¼ 2.5 × 10
25
). The numbers in the red 'hub' nodes denote the cluster number described in Table 2 , with relative size of each node representing the count of each particular node from DAVID analyses, and nodes connected across clusters showing functional overlaps.
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Human Molecular Genetics, 2011, Vol. 20, No. 6 responsible for sample collection, post-mortem interval and gender. The Bonferroni correction of 1.8E 2 6 was used to account for the effects of multiple testing phenomenon after testing the associations of .27 000 CpG sites per brain region in the stratified analyses (27 476 in pons, 27 310 in cerebellum, 27 532 in frontal cortex and 27 538 in temporal cortex). Any CpG site passing the Bonferroni thresholds for significance (1.8E 2 6) in all four brain regions was carried forward from the discovery phase of the project. Ten CpG sites that met these criteria and were analyzed using the same statistical models as implemented in the discovery phase, in an independent set of frontal cortex and cerebellum samples.
Post hoc, we categorized CpG sites as within or outside of CpG islands. This categorization was based on annotation as a CpG island if the CpG site was described as an island in at least two resources out of three used for annotation: EPI score (10), UCSC genome browser sequence based annotation of CpG sites (9) or Illumina documentation. Non-island CpG sites were defined as sites not annotated as within an island in any of the three resources used for annotation.
DAVID analysis
Functional relationships were investigated using DAVID (http:// david.abcc.ncifcrf.gov/). Enrichment of selected GO terms among age-associated CpG sites was examined using the functional annotation clustering module. Six hundred eighty-three unique EntrezGene identifiers in the David database were crossreferenced from the Illumina gene annotation for significantly associated CpG sites from our discovery analyses, where a CpG site passed the Bonferroni correction in any brain region specific analysis. These 683 genes were considered our experimental pool in the clustering analysis.
To account for possible bias in the Illumina array design (i.e. bias introduced by the array being enriched for CpG sites nearby a certain functional class of gene), 14 495 unique EntezGene identifiers were cross referenced between the entire Illumina CpG array annotation and the DAVID database, with this second gene set serving as the background level of enrichment for genes on the array. Default settings were used for the derivation of clusters and false-discovery rates were used to correct for multiple testing. A total of 228 clusters were generated, with six clusters with enrichment scores showing a greater than 4-fold enrichment of clustered terms.
Additional analyses
Replication was deemed successful if the association between age and methylation passed the Bonferroni threshold for significance of 1.8E 2 6 in analyses of both the frontal cortex and the cerebellum data sets. Since the replication data set included a significant number of individuals in the lower age ranges compared with the data used in the discovery phase, two additional iterations of the replication model were utilized to further scrutinize results, first by excluding all samples with age at sampling under 16 years, then excluding all samples under 18 years. Neither of these secondary models caused any marked attenuation of the P-values in the replication results. In addition, a fourth set of models using additional covariates of component vectors 1 and 2 from multidimensional scaling of genotype data for these samples did not significantly alter the results of the regression models.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
